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ABSTRACT
Free convective effects on forced convective mass 
transfer in the Stokes Flow region were studied experimentally 
by using a single drop in a liquid-liquid system.
Liquids used to form the drops were methyl acetate or 
2-ethoxyethyl acetate with distilled water as the continuous 
medium. Spherical drops were formed on the capillary tip 
of a 0.58 cm-O. D. capillary glass tube centered in a 2.5 cm- 
0. D. pyrex tubular flow cell.
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Results are presented graphically as Sh versus Pe,
Sh versus Re, and Sh/Ra^^ versus Pe to show the variation 
of mass transfer with flow rate and free convection. The 
range of variables was:
10 < Pe £  35,000;
0.1 <_ Re £ 30;
578 < Sc < 1,149;
2.2.3 < Gr < 75.7




# €/Results indicate that at low flow rates (Reynolds 
number < 10, Peclet number < 1000) free convective effects 
either reinforce or interfere with mass transfer. This 
interference takes place until flow becomes high enough to 
overcome interfering effects of free convection.
It wasalsoro un d in free convection and in low flow 
rates mass transfer, as represented by Sherwood number, is 
directly related to drop diameter and density differences, as 
represented by Rayleigh number. Plots of Sherwood number 
versus Peclet or Reynolds number differed for different drop 
diameters, but when curves of Sherwood number divided by 
Rayleigh number to the one-fourth power versus Peclet were 
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Although many experimental and theoretical studies of 
mass and heat transfer have been conducted, few data are 
available on mass transfer in the Stokes flow region. In 
the limit of no flow (pure diffusion), one has the analytical 
result, for mass transfer of Sh = 2. For Peclet number on the 
order of 1000 and greater, a number of correlations are 
available. In real systems, free convection adds complica­
tions to the transfer picture.
The subject of heat and mass transfer from spherical 
and cylindrical shapes has been investigated in a variety of 
studies. Experimental data have been taken over a broad 
range of Reynolds numbers (Re<60), producing results which 
agree well with theoretical work in the region where forced 
convection predominates. In low Reynolds number regions, 
free convective effects cause deviation from predictions 
which consider forced convection alone. The limiting 
situation of no forced convection will not eliminate free 
convection induced flows. Thus free convection results in an 
‘increase in transfer over that predicted by diffusion alone,
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i.e. Sh = 2. This effect has been investigated theoretically
*
by a number of authors.
Acrivos (1) investigated combined laminar forced and
free convection for heating and cooling of upward flow past
2a vertical plate. His results show the parameter Gr/Re to
be of fundamental importance, with a gradual transition from
forced to free convection, and the mechanisms of free and
forced convection to be nonadditive.
The effects of buoyancy forces in forced and free-
convection laminar flow about a vertical plate have been
analyzed by Szewczyk (2) in a theoretical discussion. He
obtained solution by expanding the stream and temperature
2functions into series in terms of the parameter Gr/Re from
2 - 1/2the forced-convections side and (Gr/Re ) ' when approaching
from the free-convection side.
More applicable is the work of Vliet and Leppert (3), 
who investigated heat transfer from a spherical element by 
forced convection. Their experimental equipment employed a 
copper sphere heated by an induction coil. In their paper 
they correlate earlier data at low Reynolds numbers and small 
temperature differences with their data at high Reynolds 
number and substantial temperature difference. Kramer’s data, 
on both water and oil, were used by the preceding authors to 
correlate average heat-transfer coefficient, for a Reynolds
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number range of 1 to 1000 and Prandlt number range of 7.3 to 
380, as:
Ny . Pr'0,3 = 0.97 + 0.68 Re0-5
This relationship, presented by McAdams (4), holds for small 
temperature differences only. Vliet and Leppert also present 
Yuge’s (5) correlation for spheres in air in the range 
3.5 < Re < 1.44 x 105 by
Nyf = 2.0 + 0.493 Re£0-5 
After presenting their experimental results, Vliet and 
Leppert correlated their work and the works of Kramer (6) , 
Briggs (7), Williams (8), and Yuges, along with mass transfer 
data by Garner and Keey (9), and Steele and Geankoplis (11) 
by:
. T n -0.5 ru , .0.25 n n , n 0.66Ny . Pr ( w/y) = 2.7 + 0.12 Re
for 50 < Re <300,000, and:
xt rv -0.3 r\i , .0.25 t o , r\ n 0.54 Ny . Pr ( w/y) = 1.2 + 0.53 Re
for 1 < R e < 300,000. The authors find the mass transfer data
of Garner-Keey and Steele-Geankoplis to be almost a constant
30 percent above the heat transfer data.
In the field of mass transfer, the most pertinent
experimental work to date is largely concerned with liquid
diffusing into air or solid spheres diffusing into liquid.
Most studies were in the forced convection region at a
Reynolds number greater than fifty, where free convective
effects are not significant.
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The study of El-Wakil, Myers, and Schilling (12) from 
a vertical plate at low Reynolds numbers consisted of 
diffusion of benzene and n-heptane into air at varied flow 
rates and temperatures. In their results the authors find 
a transition from laminar to turbulent flow at Reynolds 
numbers between 300 and 600. These values, much lower than 
generally reported, are believed to be related to the 
relatively thick boundary layers induced by mass transfer 
and the associated free-convective effects. The authors’ 
theoretical relationship, a perturbation solution to the 
problem of mass transfer boundary layer with significant 
free-convection effects, is given as:
Sh = 0.3388 Re1/2Sc1//3 (1-^) [1-BE— f(Pr)] where
Re
A. and E are dimensionless parameters of Sc and B is a mass 
transfer parameter. Their experimental data proved this 
equation inadequate.
The work of Ranz and Marshall (13) on evaporation from . 
liquid drops into air is correlated as:
Sh = 2.0 + 0.60 Sc1/3Reli/2 
They also use this equation to correlate their experimental 
data with other data of mass transfer from drops of various. 
substances into air. At low Reynolds number an extrapolation 
of this data gives a value larger (50 percent) than is. 
predicted theoretically. This is attributed to free convective
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effects which their experimental techniques were not sensitive 
enough to isolate.
The experimental work of Garner and Keey (9 and 10) ' 
consists of mass transfer from solid spheres of benzoic and 
adipic acid to water at low Reynolds numbers and of mass 
transfer in free convection. The Reynolds numbers range from
2.3 to 255, and data were correlated for Reynolds numbers 
greater than 250 by the theoretical relationship:
Sh = 0.94 Re1/2Sc1/3
Their results also indicated that, at Reynolds number 
below four, the Sherwood number seemed to be the same as that 
for molecular diffusion and free convection. A depression 
of Sherwood number between Reynolds numbers of 20 and 60 was 
also found. Explanation of this was a mass transfer hindrance 
or promotion of bulk flow by free convective effects.
In a study using dye-containing pellets, free convective 
flow patterns were described as that of solute-laden fluid 
falling from the pellet. From considerations of continuity 
there must be a fluid upflow some distance from the pellet, 
as is shown in Figure.3.
Garner and Keeys’ conclusions are that flow due to 
free convection can either aid.or retard mass transfer.
For the case of solute-laden fluid heavier than the 
surrounding medium, upflow produces wake motion near the
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surface of the rear of the drop in the same direction as the 
free convective current. Upflow also produces flow directly 
opposing the downward flow of the free convective currents at 
the front of the drop with the reverse true in the case of 
downflow. It is thus expected in upflow that interference 
in mass transfer will result in the lowering of the mass 
transfer rate until the general flow and forced convective 
effect has increased to a critical magnitude. Since the 
ring of separation is over the rear hemisphere, the net 
opposition is greater in upflow. This may be regarded 
primarily as an area effect, (actual numerical values of 
this depression are 25 percent in upflow and 38 percent in 
downflow [9]). In downflow there is a considerable 
depression of the mass-transfer rate over the rear hemisphere. 
With the flow reversed the depression is largest at the 
equator, a fact which indicates that the direction of 
circulation within the wake has an important bearing upon 
the extent of interference.
Garner and Keey, for their theoretical and experimental 
observations of mass transfer from solid spheres due to 
free convection, again turned to benzoic and adipic acid.
For Schmidt numbers greater than 100, their theoretical 
analysis gave:
Sh C  (Ra)1/4
for laminar convection. In a general correlation for
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experimental data, the authors obtained:
Sh = 0.58 (Ra)1/4 + 23 
Friedlander’s (14) work on mass and heat transfer from 
single spheres and cylinders combined what had been done 
previously. He found that mass and heat transfer to single 
spheres falls 10 to 40 percent higher than predicted from 
forced convective theory. For low Pe, he introduces the 
data of Ranz and Marshall (13 and 19) and of Kramer (6). In 
a later article Friedlander (15) relates Sh to Pe rather than 
to Re and Sc, but all for Pe > 1000. The equation presented 
is :
Sh = 0.991 Pe1//3
resulting in a curve incorporating Yuge’s (16) four calculated 
points obtained by a numerical solution of the diffusion 
equation.
Work by Griffith (17) on mass transfer from drops 
includes a summation of other researcher’s findings as well 
as his own experimental work. The author uses liquid-liquid, 
and gas-liquid transfer systems much like the system employed 
in this study. Investigation and explanations of surface 
active matter, surface velocity, boundary layer thickness, 
and other chemical and physical properties influencing mass 
transfer are included in his work. Results are correlated 
according to:
Sh = 2.0+ b Re1^2Scc
where b is 0.55 to 0.70 with c from 0.33 to 0.35, where Re>16.
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Steinberger and Treybal (18) conducted an investigation?
concerning mass transfer from solid benzoic acid spheres
to water for forced and free convection. Reynolds numbers
ranged from 10 to 16,920; Schmidt numbers from 987 to
69,680; and Grashof numbers from 5,130 to 125,200. The
correlation proposed was of the form:
Sh = A + B (Re)n
In this correlation, A represents Sherwood number at
free convective conditions, B accounts for data displacement
at high Reynolds number and is taken as a function of
Schmidt number, and n was determined by pooling their
experimental data and using the criterion of least variance.
8For Rayleigh number less than 10 , Steinberger and Treybal 
present
A = Sh, = 2 + 0.S69 (GrSc)1/4
with an average deviation for their data of 12.7 percent.
Steinberger and Treybal used a least-square analyses 
to arrive at a value for B of:
0 312 B = 0.347 sc *
They then present their final correlation as:
Sh = Sh + 0.347 (ReSc1/2)0 * 62
This equation correlates their data and data from other
1/2literature very well over a range of 1<(ReSc )<500,000 
for both mass and heat transfer, but with the notable 
exception of the data of Garner and Keey (10).
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The present work is an experimental attempt to determine 
the relationship between mass transfer and flow rate for the 
Stokes Flow region with free convective effects present.
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EXPERIMENTAL WORK
The experimental work can be described in two sections: 
apparatus and equipment, and procedure.
Apparatus and Equipment
Experimental apparatus may be grouped as follows:
diffusion chamber, distilled water delivery, and organic
liquid delivery. A schematic is shown in Figure 1.
A pyrex tube of 2.5 cm diameter and 16-inch length
housed the basic transfer system and served as a channel for
distilled water flow.
The organic phase delivery tube, a 0.58-cm diam.glass
capillary tube with a ground tip, was inserted along the axis
of the pyrex tube from the water exit end. This tip was
hand-ground to an angle of .60 degrees with end area of 
20.0031' cm . Attachment of the capillary to the cylinder 
was by means of a glass bell with an 0-ring joint and clamp. 
To insure centering of the tip on the cylinder axis, teflon 
spacers were made of O.D. equal to cylinder I.D. and with a 
center hole for the capillary tube and numerous holes for
10
T-1145 11
water passage. Positioning of the diffusion cell was
7
vertical with water flow either upward or downward. In 
operation, an organic drop on the end of the capillary 
diffused into the water stream flowing past it in the pyrex 
tube. A drawing of the diffusion cell is given in Figure 2.
Delivery of distilled water to the diffusion cell was 
from a tank with approximately 2 feet of water head. Level 
in the constant head tank was maintained by circulation of 
water from a supply reservoir using a bronze immersion pump 
(#54901, VW§R) rated at 75 gph capacity. To insure 
elimination of any pump heating effects, this flow was 
passed through 15 feet of copper tubing immersed in a 
constant temperature bath. From the constant head tank, 
water was fed to one of a bank of three Fisher and Porter 
rotometers with an overall flow rate range of 0.001-1.5 cc 
per second. Calibration of these rotameters was by timed 
volume of delivery. From a needle valve which controlled 
flow from the rotameter in use, water passed into the 
entrance of the diffusion chamber, past the diffusing 
organic drop, and from the chamber. Exit of this fluid was 
passed to a height equal to that of the needle valve to 
eliminate a suction on both rotameter float and diffusing 
drop. The fluid then dropped freely in a large diameter 
glass tube .to be either collected or discarded.
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A Manostat-Digipet, having a maximum delivery capacity
* -4of 0.1 ml. with divisions of 10 ml., forced organic liquid
to be diffused by the water into the capillary tubing. The
Digipet, organic feed reservoir, and capillary were 
connected through a three-way teflon stopcock. Connectors 
were ball-and-socket joints to the Digipet and feed reservoir 
with an 0-ring seal to the capillary. Teflon 0-rings were 
used to prevent any dissolution of sealing compound.
The organic drop suspended on the tip of the capillary 
was magnified and projected on to a HIP 8-mm movie projector 
scope. Magnification was approximately 23 times, with 
calibration carried out by using known volumes of nonsoluble 
liquid from the Digipet. As a further calibration check, 
glass beads of known diameter were also used. Light source 
was a Federal microfilm reader-projector equipped with a 
heat filter meniscus lens.
Organic liquid densities were determined by weighing 
in a pycnometer. Interfacial densities were determined by 
pycnometer using saturated solutions. Solubility was 
determined by preparing known volumes of organic in water, 
measuring the refractive index of the solutions, and determin­
ing the amount of organic in a saturated solution of organic 
and water by its refractive index. Refractive index was 
measured by using a Bausch and Lomb optical refractometer, 
and viscosity by a Ostwald capillary viscometer.
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Procedure
The reservoir was filled with distilled water and the 
immersion pump started to insure a constant volume of water 
in the constant head tank. At this point the valve to the 
rotameter with the desired flow range was opened to the full- 
open position. The needle valve was then opened to bring 
water-flow rate to the desired value. Water flow was 
maintained for a few minutes to insure a steady flow rate.
The Digipet was filled from the organic reservoir. The 
stopcock was then opened to the digipet, and a drop was 
formed on the tip of the capillary using the digipet, after 
which the stopcock was closed. This drop was always larger 
than the desired drop to nullify the first diffusive effects 
which could be unsteady state and to allow damping of the 
drop oscillations caused by drop formation. When the drop 
diameter reached the largest calibrated diameter, a stopwatch 
was started and water flow rate noted. When the drop was 
diffused to the smaller known diameter, the stopwatch was 
stopped and the water flow rate again noted. Flow rate and 
time for the drop to diffuse between the two known diameters 
were tabulated.
Water temperature was measured in the discharge water, 
since at low flow rates water temperature approached room 
temperature. Calculations were then made for these 
individual temperatures.
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1. Distilled watejr- reservoir 8. Projector screen
and pump 9. Teflon spacer
2. Constant temperature tank 10. Capillary delivery system
3. Constant head tank 11. Flow outlet
4. Rotameters 12. Flow to height of needle
5. Needle control valve valve
6. Light projector 13. Dig ipet




Flow Diagram of Experimental Apparatus
Figure 2 
Diagram of mass transfer System
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DISCUSSION OF RESULTS
Experimental data were taken for liquid-liquid systems 
consisting of distilled water as the moving continuous phase 
and methyl acetate or 2-ethoxyethyl acetate as the organic 
liquid to be diffused.' Data runs were made at flow rates 
selected to give a continuous curve of Peclet number from 0 
to 35,000. At each flow rate, 8 to 20 runs were made, and 
data were plotted as a range of values of Sherwood number. 
Sources of error producing this spread will be explained 
later. Values of Sherwood number (and thus mass transfer 
rate) higher than predicted by diffusion theory in the Stokes 
flow region are attributed to free convective effects. This 
conclusion is reasonable as the density of the methyl 
acetate-water interface is greater than that of water in the 
bulk stream. Thus there are free convective mass - transfer 
effects which predominate at low (Pe < 1000) or zero water 
flow rates giving higher transfer than that which would be 
predicted from diffusion alone. Also with the drop in the 
up position (Figure 3), water flow is in the same direction 
as the free convective currents, and thus reinforces rather
15
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Free Convective Flow 
Drop Position - Up
Free and Forced Convection 
Re inf orcement 
Drop Position - Up
Actual Size Relationship 
Drop Diameter - 1.420 mm 
Scale - 3:1
Free Convection Flow 
Drop Position - Down
A A
Free and Forced Convection 
Interference 
Drop Position - Down
Figure 3
Free and forced convection for int.erfacial density 
heavier than surrounding medium.
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than interferes with transfer. This effect has also been 
observed visually. Curves of Sherwood number versus Peclet 
number plotted from data taken with the drop in the down 
position (Figure 3) have a correspondingly lower value for 
Sherwood number for any given Peclet number. With the drop 
in the down position, free convective effect is opposed by 
the flow of water. This opposition reduces mass transfer 
rate by reducing the rate at which the organic can flow away 
from the surface of the drop, and thus decreases mass transfer 
gradient from the organic to the water. As flow is increased, 
opposition to free convection is increased until free 
convective flow is equal to water flow. At this point a 
minimum of mass transfer occurs due to a reduced gradient, 
and thus a minimum Sherwood number occurs which corresponds 
to the valley in this curve. With further increased flow 
rate, free convective effect is overcome, and mass transfer 
gradient approaches transfer from the organic to the free 
stream rather than from the organic through an organic layer- 
due to flow-opposed free convection and then to the free 
stream. This has also been visually observed on the 
apparatus.
The high slope of the curves in Figures 4 and 5 attained 
once past the point of maximum free convective interference 
is due to a much higher mass transfer relationship to flow 
increase than the usual.one-half power increase in forced
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Figure 4
Sherwood Number versus Peclet Number
Large Diameter Drop
2-ethoxyethyl Acetate Methyl Acetate 
Drop Up ®  V
Drop Down A  None
T-1145
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Figure 5
Sherwood Number versus Peclet Number
Small Diameter Drop
2-ethoxyethyl Acetate Methyl Acetate 
Drop Up O  V
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2convection. Theoretical predicitions show Gr/Re to be the 
parameter showing relative importance of free and forced 
convection. For the present case, with Grashof number 
fixed, one would expect a rapid increase in transfer with 
velocity (on the order of velocity squared from theory) once 
the critical Reynolds number is reached.
Examination of curves of Sh versus Pe, Sh versus Re, 
and Sh/Ra^^ versus Pe shows a separation of the curves for 
the two drop positions until forced convection becomes 
predominate at high flow rates. This experimental evidence 
substantiates the concept of free convective mass transfer 
either interfering or reinforcing mass transfer at low flow 
rates. At zero flow rate, where diffusion and free convection 
alone influence the mass transfer rate, the curves originate 
from the same region. As flow rates increase, flow (and thus 
forced convection) reinforces free convective effect on the 
drop in the up position. With the drop in "the down position, 
flow forces mass transferred by free convection back toward . 
the drop, thus decreasing mass gradient, driving force, and 
the amount of mass transferred. As the flow increases, free 
and forced convection reinforce each other with the drop in 
the up position, and interfere with each other with the 
drop in the down position until the flow becomes large 
enough to reverse the flow of mass transferred due to free 
convection.
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The above statements, as regards enhancement and
y
retardation of transfer with drop positions, apply to the 
case at hand where interfacial density is greater than that 
in the bulk. In situations where interfacial density is the 
lesser, the reverse of the above statements regarding enhance­
ment and retardation is true.
The value for Sherwood number is considerably higher 
than that predicted by diffusion theory alone and does not 
rapidly increase (since Rayleigh number is constant for each 
fluid) until flow rate has passed out of the Stokes flow 
region. Behavior such as this has been observed previously 
(9) and is attributed to free convection. Data and 
experimental observations made in this study confirm these 
observations. Experimental data point to a mass transfer 
rate dependent upon free convective effects where there are 
interfacial density differences.
Curves obtained for the two organics are essentially 
the same with differences explained by different Rayleigh 
numbers, inherent inaccuracy of the experimental system, and 
physical property values.
Graphs of Sherwood versus Reynolds are also presented 
(Figure 6 and 7).
One should note that no account has been taken of 
Schmidt number in these plots as was done in the Peclet 
number plots, although, a Peclet number plot obviously ties
T - 114 5 24
Figure 6
Sherwood Number versus Reynolds Number
Large Diameter Drop
2-ethoxyethyl Acetate Methyl Acetate 
Drop Up O V

























Sherwood Number versus Reynolds Number
Small Diameter Drop
2-ethoxyethyl Acetate Methyl Acetate 
Drop Up O V
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Schmidt number power dependence to that of Reynolds number. 
Also noteworthy is that the difference in Grashof number 
between the two diffusive systems accounts for some of the 
data spread in the plots of Sh versus Re and Sh versus Pe.
The graphs of Sherwood number versus Peclet or Reynolds 
number have a difference in values due to differences in 
Rayleigh numbers. To account for the differences in free 
convection, plots of Sherwood number divided by Rayleigh 
number to the one-fourth power versus Peclet number have 
been prepared. These plots were made as to drop position 
(up or. down). Figure 8 with the drop in the up position, 
has a divergence of — 25 percent from the median value at 
low Peclet number with convergence to a range of - 12 percent 
of the median value at high Peclet number (20,000). With 
the drop in the down position, similar results are obtained.
Figure 9 also indicates accounting for free convective
1/4 • •effects by using Ra does not change either the position
as regards to flow or the decrease in Sherwood number 
resulting from free and forced convective effects interfer­
ing with each other.
Although a plot of Sh/Pe versus Ra would allow a value 
of the power on Rayleigh number to be closely fitted to 
these particular data, the one-fourth power dependence on 




Sherwood Number Divided by Rayleigh Number 
to the one-fourth Power versus Peclet Number
Drop Position - Up
2-ethoxyethyl Acetate Methyl Acetate
Large Diameter
1.4 20 mm to 1.108 mm 7̂ O
Small Diameter




Sherwood Number Divided by Rayleigh Number 
to the one-fourth Power versus Peclet Number
Drop Position - Down
2-ethoxyethyl Acetate Methyl Acetate
Large Diameter ^7 None
1.420 mm to 1.108 mm
Small Diameter
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An attempt has been made to compare values, results, 
and possible correlations with the free convective work 
of other investigators. Ranz and Marshall (19) conducted 
experimental work in heat and mass transfer from drops. They 
developed a correlation and curve for free convection from 
spheres by using their data and free convective heat transfer 
data from other sources, as presented in Figure 10. Heat 
and mass transfer results are used interchangeably. Present 
results for both organics in the two drop diameters have 
been compared with this curve in Figure 10 with acceptable 
results. The large diameter is 5 to 10 percent high, and 
the small diameter is the same amount low. Garner and 
Keey (10) also present an analysis for Sherwood number in 
laminar free convection with Schmidt number above 100, this 
relation being
S h C R a 1/4
This relationship in free convection of Sherwood number to 
Rayleigh number to the one-fourth power has been discussed 
earlier to account for free convective effects. By using 
these results (Figures 8 and 9), proportionality factors for 
the above relation of 1.1 and 1.0 for drops in up and down 
positions, respectively, were calculated.
Steinberger and Treybal (18) compare their equation 



















1.108 mm - 
0.936 mm
Figure 10 
Free Convection for Spheres 
Drop Position Methyl Acetate 2-ethoxyethyl Acetate
Up v  O
Down None A
Up D> <3
Down □  O
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data, and other free convection mass transfer data. Present 
results are incorporated with this comparison in Figure 11. 
Table 1 is a comparison of their B values and values 
determined from other investigators results with the values 





Methyl Acetate 75 746 2.72
80 662 2.64
85 578 2.52
2-ethoxyethyl Acetate 75 1149 3.12
80 1017 2.98
85 886 2.88
Steinberger and Treybal - 2 .4





The final correlation of Steinberger and Treybal (18)
has one inherent fallacy. At low flow rates, the effect oi
free convection can be either reinforcing or retarding as 
has been shown in this investigation. Thus a correlation 
for Sherwood number as a function of both free convection
and flow rate (as that of Steinberger and Treybal) is accurate 








1 1 3 5 7 9
Log10 (GrSc), (GrPr)
Figure 11
Plot of A = ShQ = Nu q versus (GrSc), (GrPr)
Large Diameter Small Diameter
Methyl Acetate Drop Up - V  ^
Methyl Acetate Drop Down None Q
2-ethoxyethyl Acetate Drop Up O <3
2-ethoxyethyl Acetate Drop Down A O
T-1145 37
transfer due to forced convection. If the free convection 
interferes with mass transfer by forced convection, Sherwood 
number will decrease, as has been shown in Figures 4 and 5 
and by Garner and Keey (9), until a flow rate is reached 
that overcomes the mass transfer interference due to free 
convection.
The experimental work and calculations involved in this 
study include a certain amount of error and inaccuracy. 
Diffusion coefficients were calculated by Wilke’s correlation 
(20) developed on the basis of the Stokes-Einstein equation. 
This equation is good for dilute solutions of nondissociating 
solutes to within + 10 percent of the actual diffusion - 
coefficient.
Individual viscosities were determined experimentally 
by an Ostwald viscometer and a solution viscosity was then 
calculated. Densities were determined by pycnometer and 
are accurate to within one percent. Solubility of methyl 
acetate was obtained from the International Critical Tables. 
Methyl acetate used was 95 percent pure, with the remaining 
5 percent methyl alcohol.
The only 2-ethoxyethyl acetate available was "Practical” 
grade. A solubility curve was determined by refractive 
index and used as the only literature value was in question. 
Accuracy of this determination is believed, to be within 
5 percent.
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Experimental values of time during data runs have 
varied as much as - 8 percent. This is felt to be a com­
bination of factors, prime of which is human error in 
deciding when a "run" started and ended. The drop as seen 
on the projector screen varied from a clear, well-defined 
circle for 2-ethoxyethyl acetate to clear oval surrounded 
by a dark shadow for methyl acetate (allowance was made for 
the shadow which appeared in the up position only). Drop 
diameter was reproducible and accurate to within approximately 
- 5 percent with much of this discrepancy coming from "human” 
error. Care was exercised to start timing as the drop image 
passed the first predetermined diameter mark and to stop as 
it passed the second. A maximum error of - 2 seconds is 
reasonable.
A source of error potentially more serious was film on 
the drop surface. It was observed that, toward the end of 
a timed run using 2-ethoxyethyl acetate, the drop developed 
noticeable foreign bodies on its surface. These bodies 
circulated on the surface, but evidently did not cut the mass 
transfer rate appreciably as the bodies were separated and 
no difference in mass-transfer rate was noted with a high or 
low number of bodies present. Great effort was made to 
eliminate this but with little success.
It is believed that these impurities were initially in 
the practical grade 2-ethoxyethyl acetate. Use of distillation 
to remove these impurities was tried without success.
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At low flow rates all the liquids came to room 
temperature, and so calculations were made to fit each 
individual temperature rather than attempt to maintain a 
constant temperature.
Most of the previous studies made in this manner 
involved dissolving a solid sphere into a liquid. This 
method loses spherosity of the test sphere, whereas the 
liquid drop was always spherical. Also constant surveil­
lance is possible, and so free convective effects and film 
on the sphere become readily apparent. The positive 
physical factors of using a liquid are offset by (1) the 
larger angle subtended by the support system, (2) the fact 
that too great a density difference between sphere and water 
limits the size of the sphere, (3) the sphere has a tendency 
to dislodge from the support at high flow rates, and (4) the 
liquid sphere is vulnerable to physical factors such as 
thermal expansion.
These limitations were found to be a limiting factor 
in the case of methyl acetate, as the large-diameter drop 
would not adhere to the tip in the down position due to 
density differences between the pure methyl acetate and the 
distilled water. Neither methyl acetate nor 2-ethoxyethyl 
acetate would adhere to the tip at high flow rates, and this 
limitation appears to be the deciding factor in future 
liquid-liquid mass - transfer systems employing a liquid sphere.
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The experimental procedure used in obtaining data at
high flow rates is such that these data are accurate within 
+- 10 percent of the value presented. It is felt overall 
reproducibility of data within - 15 percent was obtained. 
This is a considered excellent in comparison to other 
investigator’s data for this type of investigation.
The distilled-water delivery system was designed to 
handle only low flow rates. To get data at high flow rates, 
the overflow of the constant head tank was blocked and the 
water level allowed to build up to an additional 2.5 inches. 
This was done to increase the available supply of distilled 
water located in the constant head tank, as this was the 
source water for mass transfer. At high flow rates the 
immersion pump could not keep the constant head tank filled, 
and thus the water level would fall, usually about 1 inch, 
which decreased the flow rate. During these runs the water 
was collected in order to extablish a flow rate. Thus there 
was a small change in flow rate past the drop during these 
runs, and therefore a small decrease in mass transfer due to 
the corresponding decrease in flow rate. This will 
influence the data somewhat at high flow rates, although 




Free convection at low flow rates (Reynolds < 10, Peclet 
< 1000) has significant influence on mass transfer by 
reinforcing it or by interfering with it. If free convection 
reinforces mass transfer, Sherwood number will increase; if 
free convection interferes with mass transfer, Sherwood numbe 
will decrease until the flow rate is of sufficient magnitude 
to overcome the interfering effects of free convection.
Present correlations do not take this fact into account, and 
so at low flow rates are inaccurate, depending upon the 
relative effect of free convection.
Free convection at zero flow rate is the major means 
of mass transfer for systems with a large density difference.
In free convection and at low flow rates, Sherwood 
number was found to vary with diameter size. When Sherwood 
number divided by Rayleigh number to the one-fourth power 
was used, curves for different size diameters fall within 
a 25 percent range of the average value. This fact further 
indicates the dependence of free convective mass transfer 
on Rayleigh number, as found by Garner and Keey.
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Up to this time there has been no investigation centered
y
around the effect of free convection at low flow rates 
(Pe < 1000). Garner and Keeys’ investigation was at higher 
flow rates and produced mass transfer depressions for spheres 
in both the up and down position. Experimental evidence 
presented in this study proves mass transfer will be depressed 
in the case of free convective interference only; in the case 
of reinforcement mass transfer will be raised continually.
It was also shown that mass transfer as represented by 
Sherwood number will always be higher at low or zero flow 
rates than was predicted by diffusion theory alone.
At this time there is not enough experimental work or 
data concerned with the effects of free convection on mass 
transfer at zero or low flow rates. More experimental 
investigations with solid-liquid and liquid-liquid systems 
with a wide range of Grashof and Rayleigh numbers need to be 
conducted at zero and low flow rate ranges to allow this 
important and heretofore unexplored region to be included in 






From Wilke’s correlation based on Stokes-Einstein Equation (20)
2 7.4 x 10'8 0|> M )1/2 T
EL . ( ^ - )  =-------------- -------
q ’AB sec y VA
V cm^A Molar volume of the solute A i n ----- t—  as liquidgm-mole n
at its normal boiling point 
y Viscosity of the solution in centipoises
\p ’’Association parameter” for the solvent
T Absolute temperature in °K
Molecular weight of solvent
D
For 2-ethoxyethyl Acetate 
MB =18 
=  2.6 
T = 298 °K
43
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Atomic volume by Schroeder’s Method (21)
V = 22 (7) = 154
V 0,6 = 20.4 a
Solubility, g . ^ j > a n i c -  7 ’ 100 ml water
Viscosity, organic, cp 1.155
Viscosity, water, cp .8641
Moles organic soluable in interface .230
Mole fraction organic in interface .039
y . „ = X y + X y .nnt, avg org org water "water
= .039 (1.155) + .961 (.8641) =.8754 cp
^soln ^int,avg + ^water^
f 1/2 (.8754 + .8641) = .8697 cp
7.4 x 10"8 x (2.6 x 18)172 x 300 
AB .869 7 x 20.4
-  2
D.„ = .85587 x lO"^ / „AB sec.
Sherwood Number
Sh = AV x p x Dta. v ,Kpure LM x 1
Area x pAQ x DAB t
3AV Volume of organic drop diffused cm'
3
ppure Density of pure organic drop gm/cm
Dtm Log Mean Diameter of diffusing
organic drop cm
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Area Log Mean Area of Drop
P^q Density of organic at the interface
Da b Diffusivity of organic into water
t Time for organic drop to diffuse
.787 x 10'3 x .96378 x .1258 1Sh = --------------------- — -------- f- x —
.0466 x .23109 x .85587 x 10'^ Z
Sh = 1035 x 1/t
Reynolds Number
Re = PLM x pint x VMAX 
A x yint
Dr m L°g Mean Diameter of organic drop
Vm a x  ̂ x Average volumetric water flow
rate assuming Poiseuille flow
Pint Interfacial density
A Area of pyrex cylinder to convert
volumetric flow into linear flow
u. . Interfacial viscositya n t  7
D .1258 x 1.00575 x 2 x V Re = avg
4.8 x .8754
Re = 6.021 x Vayg
2cm
gm/cm^
2 ,cm /sec. 
sec.
cm






Pe = DLM x VMAX
DAB x A
^MAX  ̂ x Average volumetric water flow
rate assuming Poiseuille flow
d l m Lo§ Mean Diameter of diffusing
organic drop
DAB Diffus ivity of organic into water
A Area of pyrex cylinder to convert
volumetric flow into linear flow
n .12 58 x 2 ,rPe = • — ---------- —f  x V
.85587 x 10 x 4.8 aVg





p. . Interfacial densitytint 7
Diffusion of organic into water 
.8754 x 10~2Sc =
1.00575 x .85587 x 10"5
3  /cm /sec. 
cm










3x gc x Dl m x Ap
2
H n t
P Average density o£ interfacial density 
and water density gm/cm^
gc Newton’s law conversion factor gm - cm
D ^LM Cube of log mean diameter
3cm
Ap Density difference between interfacial 
density and water density gm/cm^
pint
2 Square of interfacial viscosity gm /cm
Gr = 1. 00120 x 980.665 x .001990 x .00909
.7663 x 10-4
Gr = 23 .18
For Methyl Acetate at 80°F
VA = 14.3
m b = 18
= 2.6
da b = 1.2549 x 10'5
2 ,cm /sec
PA0 = .23832 gm/cm^
P = .99672 gm/cm^
Ap = .00161 gm/cm^
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Notation
A = Area of cross-section o£ pyrex flow ^
tube cm
Cp = Specific heat cal/gm-°C
2Da b = Di££usi°n coefficient cm /sec.
= Log mean diameter of drop cm
g = Gravitational acceleration gm - cm/gm-sec 2
3
Gr = Grashof number, modified for mass  ̂ ^c LM
transfer , ^2
 ̂ int^
2h = Heat transfer coefficient cal/cm sec. °C
k = Thermal conductivity cal/cm sec. °C
h DNp = Nusselt number LM
Pe = Peclet number PlM ^MAX
DAB A
Pr = Prandtl number Cp
k
3
Ra = Rayleigh number GrSc =
înt D̂ B
Re = Reynolds number Dlm ^int ^MAX
A ^int
Sc = Schmidt' number ^int
Dpint AB
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Sh = Sherwood number ^  ppure 
A PA0 DAB
Sh0 = Value of Sh at Re = Pe = 0
M
t = Time for drop to diffuse sec.
VMAX = 2 x Average volumetric water flow rate assuming Poiseuille flow
3 /cm /sec.
Greek Letters
PA0 = Density of organic interface gm/cm^
pint = Interfacial density gm/cm^
Ap = Density difference between 
interfacial density and water 
density gm/cm^
P = Average density of interfacial 
density and water density gm/cm^
y = Shear viscosity of organic gm/cm sec.
pint = Interfacial viscosity gm/cm-sec.






















Chemical and Physical Data
Data
Formula

























0.99541 8 5 0.92097 8 5
31.9 68
30 . 8 8 5 
33.I 80
35.3 7 5






c o o c h 2c h 2o c 2h 5
1. 40580 6 8 
1. 40610 6 8 
1.40300 7 9 
0.97490-rr

















0.9 9613 8 5
c h 3c o o c h 2c h 2o c h 5
1 . 00682 7 5 
1 . 005758 0 
1. 00448 8 5
handbook of Chemistry § Physics 44th Edition 
^Experimental Values
3 International Critical Tables, Volume 3, 1930




Mass Transfer - Free Convection Pe,Re = 0
Methyl Acetate 
Diameter Change 1.420 to 1.108 mm 
Drop Position - Up
Mass transfer time
for diameter change Sherwood Temperature







Diameter change 1.420 to 1.108 mm 







50. 8 20.47 79.5
56.6 18.37 79.5
45.2 23.01 79.5




Diameter change 1.420 to 1.108 mm 
Drop Position - Down
Mass transfer time




54.2 19. 70 77.0
57.8 18.48 77.0
63.3 16.87 77.0




52.2 20.46 7 7.0
56.7 18.84 77.0
Methyl Acetate 
Diameter Change 1.108 to 0.936 mm 
Drop Position - Up
30.0 10. 73 75.0
25.5 12.63 75.0
33.6 9. 58 75.0
33.1 9.73 75.0
33.1 9.73 75.0
23.0 14.00 75. 0







Diameter change 1.108 to 0.936 mm
Drop Position - Up
39.0 12.31 79.5
35.5 13.52 79.5
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Mass transfer time
for diameter change Sherwood Temperature










Diameter change 1.108 to 0.936 mm 












Diameter change 1.108 to 0.936 mm 
Drop Position - Down






55.5 8. 86 77.0
52.5 9.37 77.0
49.6 9.92 77.0





Flow: Flow rate in cubic centimeters per second
Time: Mass Transfer Time for Drop Diameter of 1.4
millimeters to 1.108 millimeters or for 1.1 
millimeters to 0.936 millimeters in seconds 
Temperature: Temperature of drop and of distilled
during each run in degrees Farenheit
Sherwood: Sherwood Number, dimensionless
Peclet: Peclet Number, dimensionless














































































































1 .420-1.108 Temp Sherwood Pecle t Reynolds












































1.420-1.108 Temp Sherwood Pecl<
.50 5
7




























1.580 27.2 75 .0 25.70 7048
26.0 75.0 26.88





2.210 22.7 75 .0 30.84 9857
2.162 2 5.0 75. 0 28.00 9642
2.147 23.3 7 5.0 30 . 04 9576
2.172 20.4 . 75.0 34.31 9687
2.172 .22.5 75.0 31.11 9687
2.150 23.4 75.0 29.91 9589

















1.420-1.108 Temp Sherwood Peclet
3.201 20.2 79.5 32.92 13550
3.151 18.6 79.5 35.75 13338
3. 210 21.8 79.5 30.50 13588
3. 036 19.4 79.5 34.28 12851
3.071 18.0 79.5 36.94 12999
3.071 16.5 75. 0 42.42 13697
3. 041 20.9 75.0 33.49 13563
3.006 1=8.7 75.0 37.43 13408
3.103 19.8 75.0 35.35 13839
4.625 13.2 79.0 50.38 19578
4.587 14.0 47.50 19417
4.615 14. 2 46.83 19535
4.566 14.7 45.24 19328
4 . 709 14.3 46.50 19933
2-ethoxyethyl Acetate














































































































































Flow 1.420-1.108 Temp Sherwood Peclet Reynold*


















2.450 28.9 76.5 37.16 16067 11.4856
2.450 30.1 76.5 35.68 16067 11.4856
2.440 22.7 75.0 48.06 16000 11.2484
2.440 30.7 75.0 35.54 16000 11.2481
2.445 23.6 74.0 47.16 16250 11.1443
2.445 30.2 74.0 36.85 16250 11.1443
2.445 30.0 74.0 37.10 16250 11.1443
2.445 34.2 74.0 32.54 16250 11.1443
2.440 24.4 73.0 47.52 16406 10.9746
2.440 30.3 73.0 37.46 16406 10.9746
2.477 30.3 73.0 37.46 16655 11.1614
2.500 26.5 73.0 42.83 16810 11.2650
2.462- 25.5 73.0 44.51 16810 11.0938
2.462 . 26.3 73.0 43.16 16810 11.0938
2..920 28.6 75.0 38.15 19108 13.4612
2.971 33.2 75.0 32.86 19442 13.6963
2.99 7 35.3 75.0 30.91 19612 13.8162
3.025 33.4 75.0 32.66 19796 13.9452
3.357 19.5 73.0 58.20 22572 15.1266
3.602 19.7 73.0 57.61 24220 16.2306
3.448 21.2 73.0 53.54 23184 15.5367
3. 575 23.1 73.0 49.13 24038 16.1089
3.502 22.9 73.0 49.56 23547 15. 7800
3. 500 21.8 7 3.0 52.06 23544 15.7710
3.526 20.0 73.0 56.75 23708 15.8881
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Time
Flow 1.420-1.108 Temp Sherwood Peclet Reynolds
4.034 24.0 75.0 45.46 26398 18.5967
3. 953 24.4 75. 0 44. 71 25868 18.2 2 33
3.821 25.4 75.0 42.95 25005 17.6148
4. 216 27.6 75.0 3 9.53 27589 19.4358
4.049 27.8 75.0 39.24 26497 18.6659
4.196 26.0 75.0 41.96 27459 19.3436
4.135 2 7.2 75.0 40.11 27059 19.0623
4. 790 19. 5 75.0 55.95 31346 22.0819
4.9.13 19.3 75.0 56.53 32151 22.6489
5.000 23.7 75.0 46.03 32720 23.0500
4.871 23.2 75.0 47.03 31876 22.4553
4. 882 22.0 75.0 49.59 31948 22.5060
4. 907 21.9 75.0 49.82 32111 22.6213
2-ethoxyethyl Acetate
Drop Position - Down
Time
Flow 1.420-1.108 Temp Sherwood Peclet Reynolds



























































































































































Flow 1.420-1.108 Temp Sherwood Peclet









2 . 200 47.1 85.0 20.89 12514
2.199 43.6 85.0 22.57 12514
2.329 41.0 85.0 24.00 13250
2.941 28.6 85.0 34.41 16728
2.819 27.5 85.0 35.60 16034
2.654 31.4 85.0 31.18 15096
2. 786 34.6 85.0 28.29 15847
2.912 3 0.0 85.0 32.63 16563
2.893 28.3 85.0 34.59 16455
2.877 32. 5 85.0 30.12 16364
2.893 27.3 76.0 39.52 18659
2.882 28.2 76.0 38 . 26 18615
2. 897 27.7 76.0 38.95 18712
2.846 28.0 76.0 38.54 18382





































































































































































1.108-0.936 Temp Sherwood Peclet Reynold:

























3. 054 14.7 79.0 20.8 2 10460 15.4349
3.089 13.6 79.0 22.50 10580 15.6118
3.125 13.8 79.0 22. 17 10703 15 . 7937
3.167 14.0 79.0 21.86 10849 16.0060
3.150 14.7 79.0 20.82 10789 15.9261
4.485 10.3 79.0 29. 71 15361 22.6672
4.588 11.0 79.0 27.82 15714 23.1877
4.570 11.0 79.0 27.82 15652 23.0968
4.541 9.6 79. 0 31.87 15553 22.9502
4.483 11.0 79.0 27.82 15354 22.6571
2-ethoxyethyl Acetate 
Drop Position - Up
T ime
Flow 1.108-0.936 Temp Sherwood Peclet Reynolds
.018 36.0 • 79.0 13.39 90.4 .0867
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T ime
Flow 1.108-0.936 Temp Sherwood Peclet Reynolds

















■ • 35.3 13.65




















.20 0 24.3 20.86 6436 5.4696
25.3 20.04 •
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Time
Flow 1.108-0.936 Temp Sherwood Pecle
















2.450 16.8 76.5 30.48 12723
2.450 19.8 76.5 25.86 12723
2.440 18.9 75.0 27.09 12920
2.440 13.6 75.0 37.65 12920
2.445 20.1 74.0 25.47 13112
2.445 18.0 74.0 28.44 13112
2.445 19.2 74.0 26.67 13112
2.477 20.4 73.0 25.10 13252
2.477 19.0 73.0 26.95 13252
2. 500 20.5 73.0 24.98 13453
2.500 17.8 73.0 28. 76 13453
2.46 2 21.1 73.0 24. 26 13577
3.357 16.8 73.0 30.48 18232
3.357 15.3 73.0 33.46 18232
3.602 15.5 73.0 33.03 19562
3.448 17.8 73.0 28.76 18726
3.594 11.9 73.0 43.02 19519
3.646 16.0 73.0 32.00 19804
3.548 13.3 73.0 38.50 19269
3.596 14.2 73.0 36.06 19530
3.469 18.3 73.0 27.98 18840
4.122 14.6 75.0 34.38 21826
4.144 17.5 75.0 28.69 21942
4.079 19.6 75.0 25.61 21598
4.032 17.7 75.0 28. 36 21349
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Flow
Time
1.108-0.936 Temp Sherwood Peclet
4.022 19.2 75.0 26.15 21296
4.000 15.5 75.0 32.39 21180
3.933 17.8 75.0 28.20 20825
5.0 78 14.8 75.0 33.92 26888
5.000 15.0 75.0 33.47 26475
4.810 16.3 75.0 30.80 25469
5. 000 15.0 75.0 33.47 26475
Methyl Acetate 
Drop Position - Down
T ime
Flow 1.108-0.936 Temp Sherwood




































































































































































































































































































































































































































































1.108-0.936 Temp Sherwood Peclet Reynold:











2.186 22.8 79.0 13.42 7489 11.0480
2.235 20.8 79.0 14. 71 7657 11.2957
2.244 21.3 79.0 14.37 7688 11.3412
2. 291 22.2 79. 0 13.78 7849 11.5787
2 . 363 20.0 80.0 15.10 7984 12.0678
2.398 19.6 80.0 15.41 8103 12.2466
2.383 20.4 8 0.0 14.80 8049 .12.1649
2..373 21.5 80.0 14.05 8 018 12.1189
2.551 21.4 80.0 14.11 7964 12.0372
2.3 28 22.7 80.0 13.30 7866 11.8891
2.372 22.4 80. 0 13.48 8015 12.1138
2. 833 11.5 79.0 26.61 9706 14.3180
2.820 13.5 79.0 22.67 9661 14.2523
2.849 10.8 79. 0 28.33 9761 14.3988
2.853 15.2 79.0 20.13 9774 14.4191
2.875 13.8 79.0 22.17 9850 14.5302
2. 746 13.5 79.0 22.67 9408 13.8783
2.887 15.5 79.0 19.09 9890 14.5909
2. 829 13.4 79.0 22.83 9692 14.2978
3.320 8.0 80.0 37.75 11218 16.9552
3.217 10.6 80.0 28.49 10870 16.4292
3.236 9.7 80.0 31.13 10934 16.5262
3. 313 13.4 80.0 22.54 11195 16.9195
3.230 12.3 80.0 24. 55 10914 16.4956
3.108 11.6 80.0 26. 03 10502 15.8726





































































































































































































































































































































































































































































Nonsoluable organic used for drop diameter determination: 
1, 2, 3, 4-Tetrahydronaphthalene






The two organics used, Methyl Acetate and 2-ethoxyethyl 
Acetate, were picked because of density, solubility, the size 
drop that could be formed, low heat of mixing, and other 
acceptable chemical and physical properties.
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